4 83 (URE2) gene product is structurally homologous to mammalian GST and is a major player in the 84 detoxification of S. cerevisiae against toxic metals through its glutathione peroxidase activity [17] , 85 [18]. For detoxification purposes, GST proteins catalyze the conjugation of the reduced form of 86 glutathione (GSH) to xenobiotic substrates [19] . The deletion strain for URE2 is hypersensitive to 87 a wide range of heavy metals and metalloids including As, Cd and nickel (Ni) [19] , [20] . In this 88 report, we show that the deletion of either ITT1 (inhibitor of translation termination 1) or RPS1A 89 (small ribosomal subunit protein 10), makes the cells more sensitive to As(III), cadmium (Cd) and 90 Ni suggesting a functional connection of these two genes with heavy metal toxicity. Itt1p is known 91 to modulate the efficiency of translation termination through physical interactions with two 92 eukaryotic release factors eRF1 (Sup45p) and eRF3 (Sup35p) [21] . Rps1Ap is a constituent of the 93 small ribosomal subunit; little information is known about its function in S. cerevisiae [22] . Neither 94 of these genes had previously been linked to heavy metal toxicity. Overall, we provide evidence 95 that the connection for ITT1 and RPS1A with heavy metal toxicity is through their influence on the 96 translation of URE2 gene. The cells were cultured on YP, and YP supplemented with Na 3 AsO 3 (As(III) (1 mM)), CdCl 2 (Cd 133 (0.1 mM)), NiCl 2 (Ni (8 mM)), as well as 6% ethanol and 6% ethanol + Na3AsO 3 (As(III) (0.3 134 mM)) for two days at 30°C. YP + 2% glucose (YPD) was used for the experiments without the four strong hairpin loops prior to URE2-IRES region at its mRNA level. These four hairpin loops 147 inhibit cap-dependent translation of URE2 mRNA. A background plasmid (p281) carrying only a 148 β-galactosidase reporter was used as a control for cap-dependent translation [27] . Both plasmids 149 contained a GAL1/10 promoter and YPG was used as a medium to activate the desired gene [32] .
150
Each experiment was repeated at least three times.
151

Reverse Transcriptase quantitative PCR (RT-qPCR)
152
This methodology was used to assess the content of target mRNAs. Western blotting was used to quantify relative protein levels. Total protein was isolated 162 using detergent-free methods as described in [33] . Samples were grown overnight in liquid YPD, 163 pelleted and washed with PBS buffer. Samples for As(III) treatment, were grown overnight in 164 liquid YPD and then treated with Na 3 AsO 3 (As(III) (0.5 mM)) for 2 hours. Bicinchoninic acid 165 assay (BCA) (Thermofisher®) was used to quantify total protein concentration according to 166 manufacturer's instructions. Equal amounts of protein were loaded onto a 10% SDS-PAGE gel, Automated Gradient Maker (Biocomp gradient maker) was used to produce the sucrose gradients.
186
Centrifugation was performed at 40,000 rpm for 2 hours at 4°C (Beckman Optima LE-80K 187 Ultracentrifuge) to separate the particles according to relative density.
188
Samples were analysed via a Biocomp Gradient Station immediately after centrifugation. Luciferase RNA (0.1 μg/ml) (Promega®) was then added to each fraction as a control.
196
RNA was precipitated overnight and purified as described in [37], by using Glycoblue and acidic RT-qPCR analysis for polysome profiling was repeated at least three times using fractions from 203 three separate polysome profiles. additional genes that may participate in this process. To this end, while screening for yeast gene 231 deletion mutants against heavy metals, we identified two deletion mutant strains for ITT1 and 232 RPS1A that showed increased sensitivity to three heavy metals (As, Ni and Cd). In our spot test 11 233 sensitivity analysis, when As(III) (1 mM), Cd (0.1 mM) and Ni (8 mM) were added to the solid 234 media the number of normalized yeast colony counts were significantly reduced for Δitt1 and 235 Δrps1a strains (Fig 1a) , highlighting the sensitivity of the mutant strains to these metals and deletions and are not due to a possible secondary mutation within the genome. The sensitivity of 240 deletion mutants to As, Cd and Ni suggests a potential association for the target genes to heavy 241 metal toxicity, a unique observation that has not been previously reported.
204
Genetic interaction (GI) and conditional GI analysis
242
Since the function of both ITT1 and RPS1A can be linked to the process of protein 243 biosynthesis [21], [22] , it is conceivable that these genes may indirectly influence heavy metal 244 sensitivity by regulating the activity of another gene. However, given that the Ure2p is reported to 245 be a key enzyme involved in heavy metal detoxification in yeast [19] , [20], we made double gene 246 deletion mutants for ITT1 and RPS1A with URE2 and exposed them to As(III) (1 mM) for further 247 analysis (Fig 1c) . The sensitivity analysis of the double gene deletion mutants indicated no 248 increased sensitivity to As(III) in addition to that observed for the single gene deletion mutant for 249 URE2. This specifies a dominant effect for URE2 on heavy metal sensitivity over ITT1 and RPS1A 250 (Fig 1c) . To further support the observed phenotype, we introduced plasmid vectors containing 251 ITT1 and RPS1A into the deletion strain of URE2 (Fig 1d) . The results demonstrated the same 252 levels of sensitivity to As(III) with no compensation, deeming indirect roles of ITT1 and RPS1A 253 in rescuing the cells from As(III) toxicity when URE2 is deleted. One way to explain this data is 254 that ITT1 and RPS1A may exert their effect on sensitivity via the same pathway as URE2. If ITT1 12 256 an additional effect on sensitivity when combined with URE2 deletion [44]. However, this was not 257 observed. On the other hand, overexpression of URE2 in itt1Δ and rps1aΔ strains reversed the 258 As(III) sensitivity phenotype observed by the corresponding gene deletions, effectively deeming 259 these gene deletions inconsequential for heavy metal sensitivity (Fig 1e) . These observations are 260 in accordance with the activity of URE2 as a dominant player in heavy metal toxicity and that it 261 functions downstream of ITT1 and RPS1A. Figure 2 illustrates our observation that in comparison to WT, the URE2 280 mRNA appeared unchanged in the mutant strains, Δitt1 and Δrps1a. We also investigated the 281 content of URE2 mRNA after exposure to As(III) (0.5 mM). As noted before, neither the deletion 282 of ITT1 or RPS1A appeared to influence the content of URE2 mRNA, suggesting that the activity 13 283 of ITT1 and RPS1A is independent of URE2 mRNA content. the mutant strains to those in the wild type. The house keeping gene PGK1 was used as an 286 internal control. Deletion of ITT1 or RPS1A had no effect on the normalized URE2 mRNA content.
287
Each experiment was repeated at least three times. Error bars represent standard deviations.
288
Ure2p content is reduced in the absence of ITT1 or RPS1A 289 We investigated the level of Ure2p in the presence and absence of ITT1 or RPS1A in the 290 cells by Western blot analysis. This was accomplished using a strain that carried Ure2p fused to a 291 GFP at the genomic level. Our analyses show a reduction in the endogenously-expressed Ure2-292 GFP fusion protein levels in the absence of ITT1 or RPS1A (Fig 3) . When either ITT1 or RPS1A 293 were deleted, Ure2p levels were reduced by approximately 40% and 60%, respectively, compared 294 to the WT cells (Fig 3a) . This suggests that ITT1 and RPS1A play an imperative role in regulating 295 the expression of Ure2p. In parallel, introduction of As(III) (0.5 mM) to the growth media reduced Analysis of the URE2 translation 309 Since our data suggests a role for ITT1 and RPS1A in modulating URE2 expression at the 310 protein level, polyribosome-bound mRNA analysis was performed. In this method, fractions of 311 polysomes are isolated and analyzed for their content of a target mRNA. Those mRNAs that are 312 translated more efficiently are generally found in association with multiple ribosomes and hence 313 will be isolated in heavier polysome fractions. In contrast, those mRNAs, which are translated to 314 a lesser degree, can be found in lower density fractions [34] . In this way, the distribution of mRNAs 315 within polysome fractions can be used to estimate the translation efficiency of the target mRNA.
316
Using this strategy, polysome profile analysis was performed for URE2 mRNA, in the presence or 317 absence of ITT1 and RPS1A. Analysis of the polysome fractions for URE2 mRNA content using 318 RT-qPCR, normalized to a control (housekeeping) mRNA (PGK1), showed a shift in URE2 319 mRNA accumulation towards lighter polysome fractions for mutant strains (Fig 4) , suggesting that 320 when ITT1 or RPS1A are deleted, URE2 mRNA is translated to a less efficiently. These data 321 provide direct evidence that ITT1 and RPS1A affect the translation of URE2 mRNA. internal control, were similar for deletion and WT strains and were used to normalize other values.
326
327
Ethanol increases As(III) sensitivity for ITT1 and RPS1A gene deletion strains 328 In addition to cap-dependent translation, URE2 mRNA has been shown to undergo a cap-329 independent translation, which represents an interesting mode of gene expression control [27] . As demonstrated in Figure 5 , ure2Δ, itt1Δ and rps1aΔ showed hypersensitivity to a very 351 low concentration of As(III) (0.3 mM) in the presence of 6% ethanol which suggests that ethanol 352 increases the sensitivity of mutant strains to As(III). The mutant strains did not exhibit sensitivity 16 353 to neither 0.3 mM of As(III) nor 6% ethanol separately. These data suggest a connection for the 354 activities of ITT1 and RPS1A to IRES-mediated translation. As well, a double gene deletion for 355 ITT1 or RPS1A with URE2 did not result in additional sensitivity compared to that observed for 356 URE2 single gene deletion. This additionally reiterates the connection between the activities of 357 ITT1 and RPS1A via URE2 expression. galactosidase mRNA lacking four hairpin loops and URE2-IRES was utilized. We observed no 384 significant difference in β-galactosidase activity for WT, Δitt1 and Δrps1a strains indicating that 385 ITT1 and RPS1A do not influence cap-dependent translation (Fig 6) . Since the reduced levels of 386 β-galactosidase may be a consequence of reduced mRNA, the β-galactosidase mRNA was 387 evaluated using RT-qPCR. As expected, we observed no significant change in its mRNA level in 388 the absence of neither ITT1 nor RPS1A (Fig 6b) .
389
Genetic interaction analysis further connects the activity of ITT1
390 and RPS1A to regulation of translation in response to stress 391 To further examine the role of ITT1 and RPS1A in the process of translation, we studied that are associated with the regulation of translation (p-value ITT1 = 1.33e-6 and p-value RPS1A 429 = 6.59e-9). Translation Initiation Factor 4A (TIF2) is an example of the gained interaction for both 430 ITT1 and RPS1A in response to cycloheximide. TIF2 is a key player in translation initiation and 431 holds a helicase activity [63] . Altogether, these observations are in agreement with the involvement 432 of ITT1 and RPS1A in regulating translation in response to stress. 
